Abstract. Based on the finite element method and thermoelectric analogy theory, the steady-state equivalent thermal circuit model of Gas-insulated transmission line(GIL) is established to calculate the temperature of its tank and conductor, and the transient model is established as well. The losses of tank and conductor are solved by analyzing the electromagnetic field of GIL using the finite element method. Steady-state equivalent thermal circuit model is framed for solving temperature, based on the heat transfer characteristics of GIL. Introducing thermal capacity, transient thermal characteristics of its tank and conductor are solved by simplified transient thermal circuit model. Compared with experimental data and the finite element simulation data, the accuracy of this thermal model of GIL is verified and a theoretical basis is also provide for temperature prediction of GIL.
Introduction
Gas-insulated transmission line(GIL) is used in electric power system more and more widely, which is responsible for the transmission of electrical energy. Its stable operation ability affects the power grid directly. Any part of the galvanic circle of GIL will have an impact on its current carrying capacity, either the conductor operating temperature exceeding or the transmission line burned. So it is very necessary to propose a method of rapidly calculating the temperature of its tank and conductor [1] [2] [3] [4] .
There are two methods to calculate the temperature of the GIL: measuring with a temperature sensor, calculating in the indirect method. The analytic method and the numerical method are usually used to solve the problem in practical engineering. [4] calculates the temperature of the GIL in the analytic method. The calculation speed of the analytic method is applicable for the preliminary calculation of temperature rise with a low calculation accuracy. [5] [6] [7] [8] [9] does the numerical calculation coupling by vortex, fluid and thermal field by means of finite element method. The numerical method has the problems of data transfer between different cells and heavy workload. [10] [11] [12] [13] [14] calculates the temperature of transformer and circuit breaker by the thermal circuit method, which achieves good application. [15] uses the concept of thermoelectric analogy. The relationship between load current and temperature rise is obtained by mathematical fitting method, but the heat transfer process of the GIL has not been considered.
Considering the solution of transmission line loss by means of finite element method, the thermal circuit model of GIL is established to calculate the temperature of its tank and conductor in this paper. The calculation results of the model are compared with the experimental data, which shows that the model can calculate the temperature value of the tank and conductor of GIL rapidly and precisely.
Structure of the Gas-insulated Transmission Line
GIL is mainly composed of conductors, contacts, insulators, and tanks. The conductor and the tank are both aluminum alloy materials. The schematic structure of single phase GIL is shown in Figure 1 . This paper assumes that the axial length of GIL is much larger than the diameter of the tank, ignoring the skin effect and the proximity effect of the conductor. Outer boundary of air layer to solve should be as 4 times of the diameter of the GIL at ambient temperature.
Solution of the Loss by Means of Finite Element Method
The specific model parameters and the finite element method are combined to solve the electromagnetic field boundary value problem of the regional GIL. On the basis of Maxwell equations, in the solution domain the differential governing equation of the 3D eddy current field expressed by the field vector B, H, E is
(1) Vector magnetic potential A and electric scalar potential satisfy the following equation respectively
The total current density of GIL is e e = j ( ) ( ) (6) In the formula, Irms is the effective value of the load current. S is the cross-sectional area of conductor.
In the whole solution domain
In the formula, νis magnetic permeability. σe is electrical conductivity. J is current density. Js is source current density.
On the exterior boundary of the solution domain
(10) On the boundary of the eddy region and the active region 
In the formula, σis the electrical conductivity of conductor or tank. σ20 is the electrical conductivity at 20 degrees centigrade.T is absolute temperature.
Establishment of Steady State Thermal Circuit Model
The ac current in the GIL flows through the conductor and generates a vortex in the tank. The heat produced in conductor is transferred to the insulating gas, the tank and outside air by means of heat conduction, convection and thermal radiation. The schematic heat transfer of GIL is shown in Figure 2 . The heat of the GIL is mainly composed of the loss caused by conductor and the eddy current loss in the tank. The heat generated by the conductor conducts and heat transfers by the conductor, transferring to the tank via SF6 by means of heat conduction, convection and thermal radiation. The heat produced as well as transferred by the tank is dissipated through the tank or the convection and radiation of the air.
Thermoelectric Analogy Theory. As the heat transfer is similar to the flow of the current, thermoelectric analogy theory is based on the definition of resistance and capacitance in the circuit.
The definition of heat capacity and thermal resistance in the thermal circuit is derived.
In the formula, u is voltage(V), i is current(A), Rel is resistance(Ω), Cel is Capacitance(F), θ is temperature(°C), q is thermal flow(W), Rth is thermal resistance(°C /W), Cth is heat capacity(J/°C).
Steady State Thermal Circuit Model. According to the heat transfer characteristics of GIL, steady-state thermal circuit model of GIL is shown in Figure 3 . The heat source is the conductor and the tank. The thermal resistance is composed of the thermal resistance of the tank and the air in series. In the figure, QC is the loss of conductor. QT is the loss of tank. RC is the thermal resistance of tank. RT is the thermal resistance of tank. RSF 6 is the parallel equivalent thermal resistance of the convective thermal resistance of insulating gases(RSF 6 -conv)and the equivalent radiation thermal resistance which determines the heat generated by the radiation of conductor to tank(RSF 6 -rad) . Rair is the parallel equivalent thermal resistance of the convective thermal resistance of ambient air(Rair-conv)and the equivalent radiation thermal resistance which determines the heat generated by the radiation of tank to air(Rair-rad). θC is the temperature of conductor. θT is the temperature of tank. θ0 is the environmental temperature. The thermal resistance of air can be ignored because it is much larger than the convective thermal resistance and the radiation thermal resistance. 
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Thermal resistance is the resistance in heat transfer process. The calculation formula is
The thermal resistance calculation formulas of the tank and the conductor are
In the formula, λ is thermal conductivity. l is the length. Dout and Din are external diameter and internal diameter of the tank. dout and din are external diameter and internal diameter of the conductor.
The heat generated by the tank and conductor is dissipated into the air by means of convection. The calculation formula of the air convective heat transfer coefficient is
In the formula, h is convective heat transfer coefficient. Nu is Nusselt number. Gr is Grashof number. Pr is Prandtl number. C and n are both experience value. L is feature size. λ is thermal conductivity(W/m K). ρ is density(kg/m3). g is gravity constant. αr is coefficient of thermal expansion(1/K). μ is viscosity(kg/m s). Δθ is temperature gradient. SF6 insulating gas dissipates the heat generated by the conductor by means of convection. The calculation formula of the convective heat transfer coefficient of insulating gas is the same as the formula (22). When the conductor and the tank are vacuum, there is no need to calculate the thermal resistance of the convective heat transfer of the gas but the radiation resistance of the conductor and the tank. Empirical values of constant C and n are shown in Table 1 . Table 1 . Empirical values of constant C and n [16] . Figure 4 . In the figure, θT' is the junction temperature value of the tank and the air, approximately θT. θC is the junction temperature value of the conductor and the insulting gas, approximately θC'. cair is the Specific Heat Capacity of Air. mair is the quality of air. c SF 6 is the Specific Heat Capacity of insulting gas. m SF 6 is the quality of insulting gas. According to the steady-state thermal circuit model, the thermal resistance of the tank and the conductor can be ignored since it is much smaller than the equivalent thermal resistance of the insulation gas or air. The simplified transient thermal circuit model of GIL is shown in Figure 5 . The formula drawn from the figure is as follow. 
Data Comparative Analysis
Results of Steady-state Temperature Calculation. The material behaviors of GIL are shown in Table 2 . When the load current is 5000A, 7000A or 8000A, losses of the conductor and the tank are shown in Table 3 . Change the load current GIL, to compare the measured value and the calculated value of the conductor and the tank of GIL. Comparison of the calculated value, the experimental value and the simulation value by finite element method is shown in Figure 6 . The calculation results of the steady state thermal circuit method and the finite element method are both in the range that the error allows, while the calculation results of the steady-state thermal circuit method are more close to the experimental simulation values. The validity of the model is verified. It is shown in Figure 6 that with the increase of load current, the temperature of the tank and the conductor of the gas insulated bus increases continuously, and the temperature nonlinearly increases. The difference in temperature between the conductor and the tank increases gradually.
Results of Transient Temperature Calculation. Transient temperature rise is the temperature characteristic of GIL which is changed with time and operating conditions. Adding heat capacity to the steady state thermal circuit, we can get the temperature variation curve of the transmission line conductor and tank with the changes of the ambient temperature and load current. Transient temperature of GIL under various currents is shown in Figure 7 .
(a) (b) Figure 7 . Transient temperature of GIL under various currents. Figure 7 shows the curves of the tank and conductor of GIL which varies with time with constant operating current or the abrupt operating current. (a) is the temperature variation of the tank and conductor when the load current is 5000A and 7000A respectively. (b) simulates the transient temperature rise of GIL during the process that firstly the load current is 7000A for 3 hours, then 5000A for 2 hours, lastly 8000A for 3 hours.
Since the transient thermal circuit model is irrelevant to the ambient temperature and the load current, it is only related to the structure and material parameters of GIL. The thermal resistance value is slightly different with the change of the load current. From Figure 7(a) , the time constants of conductor and tank reaching steady state are the same. From Figure 7(b) , the tank and conductor of GIL can respond to the change of the load current in time, and the trends of both are the same. It is feasible to predict the temperature change of the conductor by the temperature change of the tank, which provides the theoretical basis for the on-line monitoring.
Conclusion
In this paper, the finite element method is used to calculate the loss of the tank and conductor of GIL, which avoids the direct solution of the skin effect coefficient. By introducing the theory of heat transfer and thermoelectric analogy, the steady state and transient thermal circuit models of GIL are solved fast. The following conclusions can be drawn from the analysis of the data:
(a) By comparing with the finite element method and the experimental data, the calculation error of the steady-state thermal circuit model of GIL in this paper is in the allowable range with quite a high precision.
(b) The establishment of the simplified transient thermal circuit model provides theoretical basis for the overheat monitoring and fault diagnosis of GIL.
(c) The simplified transient thermal circuit model established in this paper is intended to solve the temperature of the transmission line. If more accurate temperature values of the conductor and the tank are required for engineering applications, the transient thermal circuit model can be used.
